INTRODUCTION
============

Ischemia-reperfusion (I/R) injury frequently occurs in clinical practice and is the most common reason for delayed graft function. Renal I/R can occur in various important clinical conditions, such as kidney transplantation, kidney vascular surgery, cardiac failure and shock resuscitation,[@B1],[@B2],[@B3],[@B4] and renal injury induced by I/R is a serious burden on both society and patients. Over the past several years, studies have identified a variety of approaches to treating renal I/R injury, which includes improving hypothermic organ preservation in kidney transplantation and applying a variety of pharmaceuticals.[@B5],[@B6] However, the clinical treatment for I/R renal injury is still limited and few specific pharmaceutical interventions are able to modulate renal I/R injury. Therefore, there is an urgent need to develop effective strategies to treat I/R-induced renal injury.

Mesenchymal stem cells (MSCs) are multipotent stem cells located within the stroma of the bone marrow and other organs, and have been discovered to transdifferentiate into cells of different germ layers.[@B7] One of the important characteristics of MSCs is their tissue repair potential, due to their migration and differentiation abilities and capacity to secrete various growth factors.[@B8],[@B9] In recent years, MSCs have been applied in the treatment of kidney injury.[@B10],[@B11] However, study has shown that the survival ability of simple transplantation of MSCs in ischemic tissue is very limited.[@B12] Recent studies have demonstrated that combination of apoptosis inhibitors with MSCs or anti-apoptosis gene-modified MSCs for transplantation improves the recovery of tissue ischemia,[@B13],[@B14] suggesting that anti-apoptosis strategies might advance the use of MSCs in treatment of renal I/R injury.

Survivin, the smallest member of the inhibitor of apoptosis protein family, exhibits a strong anti-apoptotic function in regulation of cell proliferation. Researchers have demonstrated that transplantation with survivin-modified MSCs can improve the cardiac performance of rats after myocardial infarction and better recovery of neurological function after a experimental stroke.[@B15],[@B16] However, it is unclear whether such MSCs could lead to a better therapeutic effect in renal I/R injury. In this study, we investigated the effects of transplantation with survivin-modified MSCs on renal I/R injury in mice.

MATERIALS AND METHODS
=====================

Animals
-------

High-specified-pathogens free (SPF) level healthy, male, C57BL/6 mice were obtained from the experimental animal research center of Chongqing Medical University. The committee for experimental animals of Chongqing Medical University approved all of the experimental procedures, and the procedures complied with the Guidelines for the Care and Use of Laboratory Animals.

MSCs preparation
----------------

Mouse bone marrow mesenchymal stem cells were cultured as previously described.[@B17] Briefly, the femur and tibia of 6-week-old male C57BL/6 mice were taken under sterile conditions, and the marrow cavity was repeatedly flushed with 0.9% saline. After centrifuging the bone marrow at 1000 rpm for 5 min, the supernatant was discarded, and 5 mL F12-dulbecco\'s modified eagle\'s medium (DMEM) containing 10% phosphate-buffered saline (PBS) was added to the precipitate. Next, the mixture was resuspended, seeded in cell culture flasks, and then incubated at 37℃ in a 5% CO~2~ incubator. At day 3, the medium was replaced to remove the suspended cells, and consequent replacement of culture medium was performed once every three days. When the adherent cells were grown to 90% confluence, the cells were digested with 0.25% trypsin and then subcultured at a ratio of 1:2.

The cultured bone marrow mesenchymal stem cells of the third passage were collected and digested with 0.25% trypsin, washed with 0.01 mol/L PBS, and made into single cell suspensions, to which the monoclonal antibodies of CD90 fluorescein isothiocyanate (FITC), CD34 phycoerythrin (PE), CD45 PE, CD29-PEs, and CD44 PE were added. After incubation at room temperature for 30 min away from light, the cells were washed with 0.01 mol/L PBS and detected by flow cytometry.

Lentiviral vectors construction
-------------------------------

Full-length mouse survivin cDNA without termination codon was amplified by polymerase chain reaction from pUC18-survivin and then used for construction of recombinant lentiviral expression vector pLV.Ex3d.p-neo-EF1A-survivin-internal ribosome entry site-enhanced green fluorescent protein (IRES-EGFP) using Gateway Tech-nology. The identity of survivin cDNA was confirmed by sequencing. The primer sequence was 5\'-GGGGAAAGTTTGTACAA AAAAGCAGGCTGCCACCATGGGAGCTCCGGCG CT-3\' and 5\'-GGGGACCACTTTGTACAAGAAAGCTG GGTTTAGGCAGCCAGCTGCTCA-3\'. The recombinant plasmids were transfected into 293FT cells for producing lenti-survivin vectors. The pLV.Ex3d.p/neo-EF1A-IRES-EGFP was designed as the control lentivirus and named the Lenti-mock.

Lentiviral transfection
-----------------------

MSCs (5×10^5^) were infected by lentivirus with a multiplicity of infection of 8.[@B15] MSCs infected with survivin recombinant lentivirus were named survivin-MSCs, and MSCs infected with mock lentivirus were defined as mock-MSCs. All MSCs were expanded to three passes and then used for transplantation.

Western blot
------------

MSCs were lysed and subjected to sodium dodecyl sulfate polyacrylamide gel electropheresis (SDS-PAGE) and electrotransferred to a nitrocellulose membrane (Amersham, Piscataway, NJ, USA). The blot was then treated with anti-survivin1 polyclonal antibody (Santa Cruz, CA, USA) and incubated at 4℃. The appropriate horseradish peroxidase (HRP) conjugated IgG was used as a secondary antibody. Antibody on membrane was visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA). Western blot for β-actin was used as an internal sample.

Animal model
------------

Mice were anesthetized with pentobarbital (0.3 mg/g) and subjected to an ischemic post-condition as described previously.[@B18] In brief, a midline laparotomy was performed and bilateral kidneys were subjected to 40 minutes of ischemia, performed via bilateral renal pedicle clamping with no vascular damage, followed by reperfusion. During the whole procedure, core body temperatures were monitored with a rectal probe and maintained at 37℃ on a homoeothermic table.

Animals were randomly divided into four groups (5 mice per group): 1) sham group, in which the kidneys were exposed for 40 minutes without clamping bilateral pedicles, 24 hours after which intravenous injection of 0.2 mL PBS was performed; 2) I/R group, in which intravenous injection of 0.2 mL PBS was performed after 24-hour reperfusion; 3) mock-MSCs group, in which 0.2 mL PBS containing 1×10^6^ EGFP-MSCs were intravenously injected after 24-hour reperfusion; and 4) surviving-MSCs group, in which 0.2 mL PBS containing 1×10^6^ survivin-MSCs were intravenously injected after 24 hours of reperfusion.

Mice from each group were sacrificed at 7 d after transplantation. Blood was obtained via cardiac puncture, and centrifuged with 2000×g to obtain serum, which was then stored at -80℃ for further studies. The renal tissues were harvested and fixed in 4% PBS-buffered formaldehyde or immediately frozen and stored at -80℃ for different procedures.

Renal function analysis
-----------------------

Serum creatinine (Scr) and blood urea nitrogen (BUN) were measured by an Auto Analyzer (Olympus, Optical Co. Ltd., Tokyo, Japan) with BUN and Scr test kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), following the manufacturer\'s instructions.

Histologic examination
----------------------

Kidney tissues in each group were selected to undergo hematoxylin and eosin (H&E) staining. For histological evaluation, three kidney sections per rat were examined under a light microscope (Olympus, Tokyo, Japan). The kidney damage characteristics included tubular cell swelling, congestion, tubular dilatation, brush border loss, cytoplasmic vacuole, and nuclear loss. The renal injury was semi-quantitatively scored according to the criteria described previously \[6\]: 0=normal kidney; 1=minimal damage (less than 5% area of the cortex or outer medulla); 2=mild damage (5-25% area of the cortex or outer medulla); 3=moderate damage (25-75% involvement of the cortex or outer medulla); and 4=severe damage (more than 75% involvement of the cortex or outer medulla). Mean scores were presented per group by two examiners.

MSCs survival detection
-----------------------

The kidney tissues were preserved in 10% neutral-buffered formalin, paraffin embedded, and then sectioned into 4 µm-thick slices according to the standard procedure. EGFP expression was examined using a fluorescence microscope (Olympus, Optical Co, Ltd., Tokyo, Japan). GFP-positive MSCs were counted in five randomly selected non-overlapping fields (original magnification ×200) in each section to calculate the number of MSCs.

Western blot for HGF and bFGF in kidney tissue
----------------------------------------------

Frozen tissue was thawed in ice-cold lysis buffer. Tissues were homogenized and lysed on ice for 1 h. Then, tissue lysates were subjected to a centrifugation at 10000 rpm for 10 min at 4℃. Total cellular proteins (50 µg) were subjected to SDS-PAGE, and transferred to nitrocellulose membranes (Amersham, Piscataway, NJ, USA). Specific polyclonal antibody against hepatocyte growth factor (HGF) and basic fibroblast growth factor (bFGF) (Santa Cruz, CA, USA) diluted in TBS-T containing 5% nonfat milk was used to detect indicated proteins. The appropriate HRP conjugated IgG was used as a secondary antibody. Antibody on membranes was visualized by enhanced chemiluminescence (Pierce, Rockford, IL, USA). Western blot for β-actin was used as an internal sample.

Statistical analysis
--------------------

Data are presented as mean±standard deviation. The means of the different groups were compared using one-way analysis of variance and the Student-Newman-Keuls test. The statistical analysis was conducted with SPSS software, version 13.0 (SPSS Inc., Chicago, IL, USA). All *p*-values less than 0.05 were considered statistically significant.

RESULTS
=======

Phenotypic characterization of MSCs
-----------------------------------

Freshly isolated and inoculated bone marrow mesenchymal stem cells were round and suspended as single cells in culture ([Fig. 1A](#F1){ref-type="fig"}). At day 8, long-spindle cells ([Fig. 1B](#F1){ref-type="fig"}). Passaged cells (mostly spindle cells) were uniformly distributed, and covered the bottom of the plates every 4 to 5 days. Third passage MSCs highly expressed the surface marker molecules CD29 (99.1%), CD44 (99.3%), and CD90 (99.6%), and lowly expressed CD34 (3.4%) and CD45 (1.2%) ([Fig. 1C-G](#F1){ref-type="fig"}). These results were consistent with the expression characteristics of mouse MSCs.

Efficiency of gene transduction and survivin expression
-------------------------------------------------------

After infection with survivin recombinant lentivirus and mock lentivirus, MSCs were stimulated to overexpress EGFP ([Fig. 2A and B](#F2){ref-type="fig"}). Western blot revealed the expression of survivin in survivin-MSCs, but not in mock-MSCs ([Fig. 2C](#F2){ref-type="fig"}).

Survivin enhances the protective effect of MSCs on renal function
-----------------------------------------------------------------

At 7 days after MSCs transplantation, BUN and Scr increased significantly in the I/R group but not the mock-MSCs group, in which BUN and Scr rose moderately. However, the survivin-MSCs group showed no obvious increase in BUN and Scr, which were close to the sham group, and both were lower than the mock-MSCs group (*p*\<0.05) ([Fig. 3](#F3){ref-type="fig"}).

Survivin-MSCs attenuated renal injury after renal ischemia-reperfusion in mice
------------------------------------------------------------------------------

Kidney tissue specimens were collected to exam renal damage by H&E staining ([Fig. 4A](#F4){ref-type="fig"}). The score of renal damage was significantly increased in the I/R group, compared with the sham group, and higher than the mock-MSCs group (*p*\<0.05) ([Fig. 4B](#F4){ref-type="fig"}). However, the survivin-MSCs group showed lower renal damage score than the mock-MSCs group (*p*\<0.05) ([Fig. 4B](#F4){ref-type="fig"}).

Survivin enhanced the survival of transplanted MSCs
---------------------------------------------------

To observe the survival of MSCs in the kidneys of mice transplanted with MSCs, EGFP expression in renal slices was examined using a fluorescence microscope. Doing so showed a significantly greater number of MSCs in the survivin-MSCs group than the mock-MSCs group ([Fig. 5A and B](#F5){ref-type="fig"}); however, there was nearly no EGFP expression in the sham group and I/R group ([Fig. 5A and B](#F5){ref-type="fig"}).

Survivin-MSCs improved expression of HGF and bFGF in kidney tissue
------------------------------------------------------------------

HGF and bFGF in kidney tissue were measured by western blot. The expression of HGF and bFGF in the I/R group was deregulated, compared to the sham group, and lower than that in the mock-MSCs group. Nevertheless, the survivin-MSCs group showed enhanced expression of HGF and bFGF, compared to mock-MSCs ([Fig. 5C](#F5){ref-type="fig"}).

DISCUSSION
==========

Renal I/R injury is an inevitable clinical challenge after renal transplantation or kidney vascular surgery. Such injury involves pro-inflammatory mediator release, which is positively associated with organ damage and dysfunction. MSCs with their broad immunomodulatory and tissue protective properties make them promising candidates for conditioning the I/R environment to combat I/R injury. Recently, MSCs-based therapies have been applied in a large number of diseases, including stroke, myocardial infarction, and even, I/R-induced acute renal failure.[@B9],[@B19],[@B20] However, studies reported limited migration of transplanted MSCs to I/R tissue and organs, as well as low survival,[@B21] which seriously constrained the function of MSCs. In this study, therefore, we used recombinant lentivirus vector carrying survivin to modify MSCs, and observed their effects on renal I/R injury in mice.

In the present study, we demonstrated that MSCs modified with survivin up-regulated the expression of survivin protein, and promoted the better recovery of renal function at 7 days after MSCs transplantation in I/R injured mice. Moreover, we observed that overexpression of survivin improved the protective effect of MSCs against renal tubular cell injury on H&E staining. However, we did not detect any tubular-like cells derived from the transplanted MSCs via morphous change, which was not in accordance with the results reported previously by Huls, et al.,[@B22] who reported that approximately 10% of the integral tubular segments originated from transplanted MSCs after renal ischemic injury. The reason for this may originate from differences in experimental models, and further research should be conducted. Additionally, we found that the survival number of transplanted mock-MSCs in the kidney was quite few, in which several factors may be involved, including strong inflammatory and oxidative stress reactions, variety of pro-apoptosis factors and chemokines, and the lethal influences on the transplanted cells induced by I/R injury.[@B16] However, the amount of survival MSCs modified with survivin was significantly more than mock-MSCs. Our results demonstrated that survivin can improve the post-transplantation survival of MSCs, due to its powerful anti-apoptosis effect.[@B23]

In order to elucidate the renoprotective effect of modification for MSCs with survivin, we further measured several renotropic factors, such as HGF and bFGF, which are secreted by MSC and are known to both decrease the apoptosis of endothelial and tubular cells, as well as to stimulate the proliferation of surviving cells.[@B24] Our results indicated that MSCs modified with survivin could enhance secretion of HGF and bFGF uniformly, demonstrating that the paracrine effect may be a major factor in renal recovery after renal I/R in mice. Furthermore, we found there was an analog trend between increase of these renotropic factors and the survival of transplanted MSCs in I/R injured renal tissue. This suggests that enhancing the paracrine effect of these renoprotective factors by MSCs may indirectly result from improving the survival of transplanted MSCs due to modification with survivin. Nevertheless, whether survivin affects the differentiation of MSCs into tubular cells is still not certain, and how survivin upregulates the expression of HGF and bFGF was not investigated. In any case, our study may be helpful to strengthen our comprehension of MSC transplantation in renal I/R injury.
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![Phenotypic characterization of MSCs. (A) The initial passage MSCs grew as a morphologically homogeneous population of fibroblast-like cells. (B) Third passage MSCs grew as whorls of densely packed spindle-shaped. (C-G) Flow cytometry analyzed the surface markers CD29, CD44, CD90, CD34, and CD45 in MSCs. MSC, mesenchymal stem cell.](ymj-55-1130-g001){#F1}

![Efficiency of gene transduction and survivin expression. (A) Expression of EGFP in mock lentivirus-transduced MSCs. (B) Expression of EGFP in MSCs modified with survivin recombinant lentivirus. (C) Survivin expression in MSCs was detected by western blot. MSCs were infected with survivin recombinant lentivirus and mock lentivirus. Total cell lysates were harvested and the presence of survivin protein was detected by specific antibody. β-actin was used as a loading control. MSC, mesenchymal stem cell; EGFP, enhanced green fluorescent protein.](ymj-55-1130-g002){#F2}

![Protective effect of survivin-MSCs on renal function. At 7 days after MSCs transplantation, BUN (A) and Scr (B) measured by Auto Analyzer with BUN and Scr test kits. Scr, serum creatinine; BUN, blood urea nitrogen; MSC, mesenchymal stem cell; I/R, ischemia-reperfusion. ^\*,†^*p*\<0.05 versus control group.](ymj-55-1130-g003){#F3}

![Survivin-MSCs attenuated renal injury. (A) Kidney tissue specimens were collected for H&E staining ×200. (B) The renal injury was semi-quantitatively scored. Data are presented as the mean±SD. ^\*^*p*\<0.05, compared with control group. ^†^*p*\<0.05, compared with control group. H&E, hematoxylin and eosin, MSC, mesenchymal stem cell; I/R, ischemia-reperfusion.](ymj-55-1130-g004){#F4}

![Survival of transplanted MSCs and HGF and bFGF expression in kidney tissue. (A) Kidney tissue specimens were collected to observe EGFP expression in renal slices by fluorescence microscope. EGFP-positive cells (yellow arrows). (B) Quantitative analysis of the number of survival MSCs at 7 days after transplantation. Data are presented as the mean±SD. ^\*^*p*\<0.05, compared with control group. ^†^*p*\<0.05, compared with control group. (C) Kidney tissues were collected and lysed. Tissue lysates were prepared and subjected to western blot. Specific antibodies were used to detect HGF and bFGF. β-actin was used as a loading control. MSC, mesenchymal stem cell; HGF, hepatocyte growth factor; bFGF, basic fibroblast growth factor; EGFP, enhanced green fluorescent protein; I/R, ischemia-reperfusion.](ymj-55-1130-g005){#F5}
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